Older adults experience impairments in episodic memory, ranging from mild to clinically significant. Given the critical role of the medial temporal lobe (MTL) in episodic memory, age-related changes in MTL structure and function may partially account for individual differences in memory. Using ultra-high-field 7T structural MRI and high-resolution 3T functional MRI (hr-fMRI), we evaluated MTL subfield thickness and function in older adults representing a spectrum of cognitive health. Participants performed an associative memory task during hr-fMRI in which they encoded and later retrieved face-name pairs. Motivated by prior research, we hypothesized that differences in performance would be explained by the following: (i) entorhinal cortex (ERC) and CA1 apical neuropil layer [CA1-stratum radiatum lacunosum moleculare (SRLM)] thickness, and (ii) activity in ERC and the dentate gyrus (DG)/CA3 region. Regression analyses revealed that this combination of factors significantly accounted for variability in memory performance. Among these metrics, CA1-SRLM thickness was positively associated with memory, whereas DG/CA3 retrieval activity was negatively associated with memory. Furthermore, including structural and functional metrics in the same model better accounted for performance than did single-modality models. These results advance the understanding of how independent but converging influences of both MTL subfield structure and function contribute to age-related memory impairment, complementing findings in the rodent and human postmortem literatures.
Older adults experience impairments in episodic memory, ranging from mild to clinically significant. Given the critical role of the medial temporal lobe (MTL) in episodic memory, age-related changes in MTL structure and function may partially account for individual differences in memory. Using ultra-high-field 7T structural MRI and high-resolution 3T functional MRI (hr-fMRI), we evaluated MTL subfield thickness and function in older adults representing a spectrum of cognitive health. Participants performed an associative memory task during hr-fMRI in which they encoded and later retrieved face-name pairs. Motivated by prior research, we hypothesized that differences in performance would be explained by the following: (i) entorhinal cortex (ERC) and CA1 apical neuropil layer [CA1-stratum radiatum lacunosum moleculare (SRLM)] thickness, and (ii) activity in ERC and the dentate gyrus (DG)/CA3 region. Regression analyses revealed that this combination of factors significantly accounted for variability in memory performance. Among these metrics, CA1-SRLM thickness was positively associated with memory, whereas DG/CA3 retrieval activity was negatively associated with memory. Furthermore, including structural and functional metrics in the same model better accounted for performance than did single-modality models. These results advance the understanding of how independent but converging influences of both MTL subfield structure and function contribute to age-related memory impairment, complementing findings in the rodent and human postmortem literatures.
episodic memory | hippocampus | aging | mild cognitive impairment | Alzheimer's disease E pisodic memory, or the capacity to encode and subsequently retrieve memories for events, is known to be particularly vulnerable to age-related change (1) (2) (3) . Older adults show varying degrees of episodic memory impairment, ranging from mild to clinically significant. One potential factor underlying such differences is variability in the structure and function of the medial temporal lobe (MTL).
The MTL is essential for episodic memory (4-7), and research across species indicates that the MTL changes in both healthy aging and in age-related neurodegenerative disease (for reviews, see refs. 8 and 9). Critically, however, the MTL is not a unitary structure. Rather, it is composed of multiple regions with differing anatomy and connectivity (see, e.g., ref. 10) , including subfields of the hippocampal formation [CA1, CA2, CA3, dentate gyrus (DG), and subiculum], and the entorhinal (ERC), perirhinal (PRC), and parahippocampal (PHC) cortices (Fig. 1A) . Moreover, evidence in rodents and humans suggests that these subfields are differentially affected by age, as well as by age-related disease (8, 9, 11) .
Converging evidence in human studies of healthy aging using high-resolution magnetic resonance imaging (MRI) suggests disproportionate age-related atrophy in CA1 (12) (13) (14) (15) , although some studies point to selective atrophy of the subiculum or DG/CA3, while others suggest changes encompassing multiple subfields (for a review, see ref. 11). Studies examining age-related changes in MTL cortex suggest that anterior portions of the parahippocampal gyrus, including ERC, are particularly susceptible (15) (16) (17) (18) (19) .
Beyond healthy aging, postmortem studies demonstrate that ERC and CA1 are among the first regions to show preclinical Alzheimer's disease (AD) pathology (20) (21) (22) . Similarly, in vivo imaging studies of patients with mild cognitive impairment (MCI) (a clinical precursor to AD) and mild AD demonstrate focal atrophy in ERC (23) (24) (25) and CA1 (e.g., ref. 26) , although some studies demonstrate targeted atrophy of subiculum or broader atrophy in multiple hippocampal subfields (11) .
Histological studies show that the earliest appearance of AD pathology in CA1 is in the stratum radiatum and stratum lacunosum moleculare (SRLM) (20, 22) . Motivated by these findings, researchers have begun using ultra-high-field 7T MRI to examine layer-specific CA1 atrophy in vivo. Results demonstrate thinning of CA1-SRLM in patients with mild AD (27) , as well as in healthy older adults relative to younger adults (28) . Taken together, findings in both healthy aging and in mild AD suggest a similar pattern of atrophy targeting ERC and CA1. The precise relationship between such changes in MTL subfield structure and changes in episodic memory performance remains underspecified, however.
In addition to structure, age-related changes in MTL function may also contribute to episodic memory decline. Functional
Significance
Older adults differ in the degree to which they experience memory impairments, but the underlying factors contributing to this variability remain unclear. Motivated by the essential role of the medial temporal lobe (MTL) in declarative memory, we investigated whether episodic memory differences among older adults can be explained by differences in MTL subfield structure and function. Using high-resolution magnetic resonance imaging, we demonstrated that a combination of structural and functional subfield measures significantly accounted for differences in memory performance. These findings advance understanding of how independent but converging influences of both MTL structure and function contribute to age-related impairment in episodic memory, complementing findings in the rodent and human postmortem literatures.
MRI (fMRI) studies of healthy aging demonstrate inconsistent findings, with some studies revealing decreased MTL activity, and others showing increased activity or no differences in activity with age (for a review, see ref. 29) . Although many differences exist between studies, a likely factor contributing to their divergent findings is the relatively low spatial resolution used. If individual subfields are differentially vulnerable to age-related change, then averaging activity across regions could produce variable findings. Importantly, research in aged rodents suggests focal changes, indicating selective synaptic weakening among perforant path inputs from ERC to DG and CA3, as well as representational rigidity in CA3 place cells (8, 9, 11) .
In humans, researchers have begun using high-resolution fMRI (hr-fMRI) (30) to test focal predictions from the rodent literature. For example, recent studies of item recognition memory reveal increased DG/CA3 activity in healthy older relative to younger adults (31) , and activity patterns in DG/CA3 in older adults that demonstrate a form of representational rigidity (32) . Similarly, other studies have shown DG/CA3 hyperactivity in individuals with MCI relative to healthy controls using the same item recognition task (33) and further indicate that pharmacologically reducing this activity leads to improved task performance (34, 35) .
The degree to which age-related changes in MTL cortical function are focal or widespread is unclear, given that few hrfMRI studies have documented such changes. Yassa et al. (33) recently reported decreased ERC activity in individuals with MCI, but this finding is at odds with several standard-resolution fMRI studies reporting increased activity along the parahippocampal gyrus-particularly anterior regions encompassing ERC-in older relative to younger adults (36) (37) (38) (39) , as well as in older adults with high levels of amyloid deposition (40) or with increased genetic risk of developing AD (41) .
Critically, no study to date has integrated high-resolution metrics of both MTL subfield structure and function to determine the relative influence of these measures on episodic memory. In the current study, we used ultra-high-field 7T structural MRI and hr-fMRI at 3 T in older adults to determine whether individual differences in episodic memory can be explained by a combination of subfield and layer-specific metrics of MTL structure and function. To allow for sufficient differences across individuals in memory performance, participants included healthy older adults as well as those experiencing subjective cognitive impairment (SCI) or amnestic mild cognitive impairment (aMCI).
Given the key role of the hippocampus in associative memory (e.g., refs. 6 and 42) and reports of differential age-related impairments in associative relative to item memory (e.g., ref.
3), participants underwent hr-fMRI while performing an associative memory task (Fig. 2) . We aimed to determine whether variability in associative memory performance could be explained by variability in a specific combination of structural and functional metrics. Based on prior structural findings, we hypothesized that ERC (15) (16) (17) (18) (19) and CA1-SRLM (11, 28) thickness would be positively linked to associative memory performance. Motivated by prior functional findings, we hypothesized that taskrelated activity in DG/CA3 (31, (33) (34) (35) and ERC (36) (37) (38) (39) (40) (41) would be negatively linked to associative memory performance. Finally, we hypothesized that this combination of structural and functional metrics would better account for individual differences in associative memory performance than structural or functional measures alone.
Results
The present multimodal study yielded a number of different measures. We briefly present findings from each modality, and then report our main analyses relating the combination of these measures to memory performance.
Behavioral Results. Concurrent with fMRI, participants performed an associative memory task (Fig. 2) . Participants first viewed face-name pairs and then performed a recognition test in which they discriminated between three face-name pair types: intact, recombined, and novel. From the recognition test data, we calculated a sensitivity index, associative d′, which served as the metric of associative memory performance used in our regression analyses. Variability across participants for this measure is demonstrated in Fig. 2 Associative memory paradigm and results. During encoding, participants subjectively rated how well each name fit its associated face on a scale from 1 to 4. During retrieval, participants made judgments regarding whether a given face-name pair was intact, recombined, or new. Box plot demonstrates individual differences in task performance as measured by associative d′.
T subfield demarcations
7T Structural Results. Analyses of structural data focused on our a priori regions of interest (ROIs), ERC and CA1-SRLM. We assessed the relationship between subfield thickness and associative d′ using separate regression models for each ROI while controlling for group and age (see Fig. 3A for scatter plots of the raw data). Results demonstrate that although ERC thickness did not significantly account for variability in memory performance (P > 0.3), CA1-SRLM thickness was positively associated with memory (β = 0.092, P = 0.048). See SI Results and Fig. S2A for analyses of non-a priori ROIs, including significant findings for the CA1 stratum pyramidale, or SP, layer. . Next, for each ROI, we assessed the relationship between functional activity and associative d′ separately for encoding and retrieval while controlling for group and age (see Fig. 3 for scatter plots of the raw data). At encoding, results demonstrate that neither ERC activity nor DG/CA3 activity significantly explained variance in task performance (values of P > 0.1). At retrieval, DG/ CA3 activity was negatively associated with memory (β = −0.118, P = 0.007), whereas ERC activity did not significantly account for variability in memory performance (P > 0.7). See Fig. S4 for retrieval activity broken down by condition in each ROI.
Multiple Linear Regression. We next examined whether the combination of our a priori structural and functional metrics could significantly account for variability in associative d′ when controlling for group and age. Separate regression analyses were performed for encoding and retrieval, such that, for each analysis, structural and control variables remained the same, but functional metrics were specific to task phase. The encoding model significantly accounted for variability in memory performance [F (6, 36) = 2.569, P = 0.036, adjusted R 2 = 0.183], but the only subfield metric approaching significance was CA1-SRLM thickness, which demonstrated a trend for a positive association with memory performance (Table 1 ). This pattern of significance did not differ when excluding an ERC thickness outlier or separate ERC activity and DG/CA3 activity outliers (outliers defined as >2 SDs from the mean). See Table S1 for results from a complementary encoding model using activity associated with stimulus novelty.
The retrieval model also significantly explained variability in associative memory performance [F (6, 36) = 5.086, P < 0.001, adjusted R 2 = 0.369]. This model revealed that two subfield metrics were significantly linked to performance: CA1-SRLM thickness, which was positively associated with memory, and DG/CA3 retrieval activity, which was negatively associated with memory (Table 1) . This pattern of significance did not differ when excluding an ERC thickness outlier or separate ERC activity and DG/CA3 activity outliers.
Next, we performed three follow-up analyses pertaining to the retrieval model. First, to mitigate concerns regarding the large age range in our sample, we repeated the analysis using participants aged 60 and above, the results of which were similar to the model including all participants (SI Results and Table S2 ). Second, we examined whether the same explanatory variables could account for performance on a different test of episodic memory by ∼ P < 0.1, *P < 0.05, **P < 0.01, ***P < 0.001. modifying the dependent variable to be a composite measure of neuropsychological tests of episodic memory (SI Methods). This model significantly accounted for variability in memory, with CA1-SRLM thickness being positively associated with memory performance (SI Results and Table S2 ). Third, we evaluated the degree to which whole hippocampal structure and function were associated with associative d′. Findings for this model paralleled those of the subfield-specific model, with hippocampal area showing a positive association with memory and retrieval activity showing a negative association with memory (SI Results and Table S2 ).
Model Comparison. Focusing on retrieval, we next evaluated whether our model inclusive of both structural and functional measures better explains variability in memory than a model with structural or functional measures alone (with each model controlling for group and age). Results of each model can be found in Table 1 : structure-plus-function model: F (6, 36) = 5.086, P < 0.001, adjusted R 2 = 0.369; structure-only model: F (4,38) = 2.762, P = 0.041, adjusted R 2 = 0.144; function-only model: F (4,38) = 3.863, P = 0.010, adjusted R 2 = 0.214. Next, we compared these models as follows (i): structure plus function compared with structure only, and (ii) structure plus function compared with function only. The structure-plus-function model accounted for significantly more of the variance in associative d′ than either structure only [F (2,36) = 7.768, P = 0.002] or function only [F (2,36) = 5.644, P = 0.007].
Group Differences. For complementary analyses evaluating group differences in each modality (behavior, structure, and function) rather than individual differences, see SI Results.
Discussion
While numerous studies point to episodic memory decline with age (1-3), substantial differences exist in the degree to which individuals exhibit memory impairment. Using a combination of ultra-high-field 7T structural MRI and 3T hr-MRI, we examined whether individual differences in episodic memory among older adults can be explained, in part, by differences in MTL subfield structure and function. Supporting this hypothesis, our analyses demonstrated that variability in hippocampal structure and function partially accounts for variability in memory performance. Specifically, CA1-SRLM thickness is positively linked to performance and DG/CA3 retrieval activity is negatively linked to performance. Moreover, combining structural and functional metrics better explained variability in memory performance than did single-modality models. Although prior aging studies have examined independent contributions of MTL subfield structure or function to memory (e.g., refs. 31-33 and 43-45), here we incorporated both modalities and demonstrated independent but converging influences on performance.
Extensive evidence indicates that the MTL is vulnerable to atrophy in both putatively healthy aging and in age-related disease (46) . Aside from the five million Americans with clinically manifest AD (47), many more harbor neuropathological signs of the disease. By some estimates, AD biomarkers may be present two decades before a diagnosis is made (48) . In a large autopsy series, for example, early stage neurofibrillary tau pathology was evident in the MTL in over 60% of 60-y-olds (49) . Tau pathology is remarkably focal early in AD, first affecting portions of ERC and CA1. In CA1, postmortem studies show that pathology first appears in the SRLM layer (20, 50, 51) , and in vivo work from our group demonstrates that, within CA1, SRLM is selectively vulnerable to atrophy in mild AD relative to controls (ref. 27 ; see also, ref. 52), as well as in healthy older relative to younger adults (28) . Along with the current data, these postmortem and imaging findings raise the possibility that putatively healthy individuals with a thin CA1-SRLM are experiencing early-stage AD-related tau pathology that contributes to poor memory performance.
ERC is also implicated in age-related atrophy (15) (16) (17) (18) (19) and is an early target of AD pathology. Our results, however, did not indicate a significant relationship between ERC thickness and memory performance. Although the MTL is known to support associative memory, the hippocampus is thought to play a more critical role in binding together and subsequently pattern completing elements of an event than MTL cortex, which is hypothesized to differentially support item recognition (42) . As such, future studies should investigate the degree to which age-related differences in ERC structure differentially explain performance on item vs. associative tests of memory.
Our structural analyses focused on ERC and CA1-SRLM based upon prior findings (11, (15) (16) (17) (18) (19) 28) as well as the need to avoid overfitting our regression models. However, supplemental analyses revealed that CA1-SP thickness also was positively associated with performance. This finding extends prior work from our laboratory demonstrating positive correlations between both layers of CA1 and memory in mild AD (45) , as well as other research showing a relationship between atrophy of CA1 and memory impairment in individuals with MCI (43, 44) . Although some studies of aging and mild AD have reported selective atrophy of DG/ CA3 or subiculum (11) , our supplemental analysis of DG/CA3 area revealed nonsignificant findings, and we did not measure subiculum size in this study. Future large-scale studies with a sample size sufficient to evaluate each subfield's contributions to memory in a single model may further resolve discrepancies in the literature.
In addition to clarifying the relationship between subfield structure and memory, we also sought to examine whether differences in subfield function can partially account for memory performance. Our findings indicate a negative relationship between retrieval activity in DG/CA3 and associative memory performance, such that greater activity during successful retrieval is associated with worse task performance. These results support prior findings demonstrating DG/CA3 hyperactivity in older relative to younger adults (31) and individuals with MCI relative to controls (33-35) during a test of item recognition. Here, we extend these findings to demonstrate that increased DG/CA3 activity is linked to poor performance during associative recognition, a type of memory thought to be more vulnerable to age-related change than item memory (e.g., ref.
3). Our results are also in agreement with standard-resolution studies of associative memory that demonstrate hippocampal hyperactivity during successful memory trials in individuals with MCI relative to controls (53) . It bears noting, however, that other standard-resolution studies report a positive relationship between hippocampal retrieval activity and associative memory performance across the life span (see, e.g., ref. 54) . Given that averaging activity across subfields may produce variable findings, continued high-resolution investigation of hippocampal function may help to resolve such inconsistencies.
One possible explanation for the consistent finding of increased hippocampal, and particularly DG/CA3, activity in older adults during memory success is that it is a form of neural compensation. However, given that many older adults exhibit tau pathology in the absence of an AD diagnosis (49) , an alternate explanation for this hyperactivity is hippocampal excitotoxicity associated with AD pathology (55, 56) . Alternatively, findings in aged rodents indicate that memory deficits associated with hippocampal hyperactivity may result from dysfunction of inhibitory interneurons (8, 9) . Taken together, these findings suggest that DG/CA3 hyperactivity negatively affects memory performance, but the underlying mechanisms of this increased activity remain underspecified. It bears noting that supplemental analyses also revealed a trend for a negative relationship between memory and retrieval activity in CA1 and subiculum. Future large-scale studies should include activity from multiple hippocampal subfields in the same model to help to determine the relative explanatory power of each subfield's activity.
Outside of the hippocampus, ERC has also been implicated in age-related dysfunction (33, (36) (37) (38) (39) (40) (41) ; our findings, however, were not significant. As with ERC structure, it will be beneficial for future studies to examine the relationship between ERC function and performance on tests of item vs. associative memory. Additionally, given that our imaging protocol was limited to the MTL, future whole-brain studies are needed to determine whether and how structural and functional differences in prefrontal and parietal regions explain differences in episodic memory.
Importantly, rather than independently consider the relationship of MTL subfield structure or function with memory performance, we combined measures from both modalities into a single model. This combined model explained significantly more of the variance in memory performance than one inclusive of structural or functional measures alone. This study is a demonstration of independent but converging influences of MTL subfield structure and function on episodic memory in older adults. These results complement prior findings in the rodent and human postmortem literatures demonstrating subfield-specific changes with age, and provide an important bridge to understanding how these changes influence human behavior in vivo.
Methods
Participants. Sixty-one older adults (51-85 y) participated in the study. Four were dropped from analysis due to poor quality 7T structural images, seven were dropped due to excessive motion during 3T functional scans, and seven were dropped due to performance that yielded insufficient trial numbers (<10) for at least one condition of interest in the fMRI analyses. Thus, results reported here focus on the remaining 43 participants with a full dataset. Of these, 26 were healthy older adults (16 female, 2 left-handed), and 17 were patients with cognitive impairment (4 female, 1 left-handed). See Table S3 for detailed characteristics of each group and SI Methods for a description of our clinical assessment and diagnostic criteria for all participants. All study metrics, including clinical assessment, 7T imaging, and 3T imaging, were acquired within an average window of Behavioral Procedure. Stimulus presentation. Concurrent with fMRI, participants performed an associative memory task consisting of encoding and retrieval phases (Fig. 2) . During encoding, participants viewed face-name pairs and made a subjective decision as to how well each name fit the corresponding face (adapted from ref. 58 ), a strategy designed to augment associative encoding. Participants practiced the encoding task before entering the scanner; four of these practice pairs then appeared repeatedly during encoding (but not retrieval) to allow for comparison of activity during novel and repeat trials. Encoding was divided across four functional runs, each consisting of 26 novel and 6 repeated face-name trials (duration, 5.5 s) interspersed with fixation trials (duration, 0.5-12.5 s). Following encoding, participants performed an associative recognition memory test in which they were presented with three facename pair types: intact, recombined, and novel (duration, 5.5 s), and made one of three responses: intact, recombined, or novel. The retrieval phase spanned four functional runs, each consisting of 18 intact, 8 recombined, and 8 novel trials interspersed with fixation trials (duration, 0.5-12.5 s). Trial order for all runs was determined using optseq (surfer.nmr.mgh.harvard.edu/optseq/). Response classification. Recognition test results were used to classify retrieval trials into each of nine conditions (3 pair types × 3 responses). Here, we abbreviate trial types with two letters such that the first letter refers to the pair type and the second letter to the response. IR, for example, would serve as the abbreviation for intact pairs (I) incorrectly identified as recombined (R). Recognition test results were also used to backsort encoding trials into each of four conditions: subsequently intact pairs called intact (SII), subsequently intact pairs called recombined (SIR), subsequently intact pairs called "novel" (SIN), and subsequently recombined pairs (SR). SR trials could not be broken down by performance because each member of the encoding pair was then recombined into separate trials. Sensitivity index. For regression analyses, we chose a sensitivity index, associative d′, as our metric of behavioral performance. Given that we were most interested in associative memory, hit rate was defined as the rate of correctly responding intact to intact pairs (II), and the false alarm rate was defined as the rate of incorrectly responding intact to recombined pairs (RI). Thus, our associative d′ measure was as follows: d′ = Z(II rate) − Z(RI rate). See SI Methods for discussion of complementary-item d′ analyses.
7T Structural MRI. Data acquisition. Participants were scanned on a 7T GE Discovery MR950 MRI scanner (GE Healthcare) using 2-channel transmit and a 32-channel radiofrequency receive-only head coil (Nova Medical). High-resolution oblique coronal images were acquired perpendicular to the long axis of the hippocampus using a T2-weighted fast spin echo sequence [repetition time (TR), cardiac gated, ∼5-6 s; echo time (TE), 49 ms; echo train length, 8; bandwidth, ±15.6 kHz; field of view (FOV), 17 cm; slice thickness, 1.5 mm; slice gap, 0.5 mm; 16 slices; matrix, 768 × 768; voxel size, 0.22 × 0.22 × 1.5 mm]. Data analysis. MTL subfield boundaries (Fig. 1B) and associated structural metrics were derived using previously described procedures (see ref. 45 and SI Methods). For each subfield, we averaged thickness across slices to yield one value per hemisphere per participant, and then averaged values across hemispheres to obtain a single metric for each subfield in each participant. Subfields were segmented by one rater (J.D.B.) blinded to group status.
3T fMRI. Data acquisition. Data were acquired on a 3T GE Discovery MR750 MRI scanner (GE Healthcare) using a 32-channel radiofrequency receive-only head coil (Nova Medical). Functional data were acquired using an in-plane-accelerated echoplanar imaging (EPI) sequence (in-plane acceleration factor, 2) consisting of 27 oblique axial slices parallel to the long axis of the hippocampus (TR, 2 s; TE, 32 ms; FOV, 20 cm; voxel size, 1.67 × 1.67 × 1.5 mm). To correct for distortions of the B0 field that may occur with EPI imaging, we collected a B0 field map every second functional run with the same slice prescription as the functional runs (TR, 1 s; TE, 45 ms; FOV, 20 cm; voxel size, 0.89 × 0.89 × 1.5 mm; slices, 27). T2-weighted structural images were collected perpendicular to the long axis of the hippocampus to allow for subfield segmentation (TR, 4.2 s; TE, 68 ms; FOV, 22 cm; voxel size, 0.43 × 0.43 × 2 mm; slices, 29). Data analysis. Preprocessing and analyses of functional data were performed using SPM8 (www.fil.ion.ucl.ac.uk/spm/), FSL, version 4 (fsl.fmrib.ox.ac.uk/fsl/ fslwiki/), and custom MATLAB routines. Preprocessing included slice time correction, motion correction, and field map-based undistortion (59) . Data were high-pass filtered, but to maintain high-spatial resolution, they were neither smoothed nor normalized (30) .
Bilateral ERC and bilateral DG/CA3 (Fig. 1A) were defined manually for each participant in native space using established procedures (60) and were coregistered to functional space. ROIs were segmented by two raters (S.E.F. and J.D.B.) blinded to group status. Interrater reliability for a subset of six brains was evaluated by calculating Dice coefficients for each ROI; analyses indicated a mean overlap value of 0.75 for ERC and 0.72 for DG/CA3.
Time courses were extracted from each ROI and participant using MarsBaR's finite impulse response model (marsbar.sourceforge.net/). The design matrix for the encoding phase contained entries for novel pairs broken down into SII, SIR, SIN, and SR trials, as well as repeated pairs and trials with no response. The design matrix for the retrieval phase contained entries for the nine conditions described above, as well as a 10th condition for trials with no response. The underlying hemodynamic response in each ROI for each condition was estimated by averaging the signal at 2-s bins beginning at stimulus onset and ending 14 s after stimulus onset. To obtain an overall measure of activity in each ROI for each condition, integrated percent signal change was calculated by summing together signal estimates from 4-to 12-s poststimulus onset to encompass activity pertaining to both stimulus presentation and participant response.
Multiple Linear Regression. The degree to which MTL subfield structure and function can explain differences in memory was assessed using multiple linear regression. All analyses were performed using R (www.r-project.org/). Associative d′ served as the dependent variable, and explanatory variables included ERC thickness, CA1-SRLM thickness, ERC activity, and DG/CA3 activity, while controlling for participant diagnostic group and age (see SI Methods for methods used for non-a priori ROIs). Separate models were run for encoding and retrieval data such that structural and control variables remained the same, but functional variables changed according to task phase. For the encoding model, subfield activity was defined as [SII activity] − [SIR activity], reflecting successful associative encoding. For the retrieval model, subfield activity was defined as [II activity] − [IR activity], reflecting successful associative retrieval. All explanatory variables were normalized. See SI Results for a test of collinearity among variables and Fig. S5 for a correlation matrix involving each variable.
Code Sharing. All custom code is posted to the Stanford Memory Lab's Github archive at https://github.com/WagnerLab/Carr_PNAS.
